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Abstract: This paper presents the three-dimensional (3D) fluid-structure interaction (FSI) analysis of wire sweep
during the encapsulation process of the plastic ball grid array (PBGA) packaging. 3D model of the mold and wires are
created using GAMBIT, and the fluid/structure analysis is simulated using FLUENT and ABAQUS software which
integrated with Mesh based Parallel Code Coupling Interface (MpCCI) in real time calculations. The Castro-Macosko
model is used to describe the polymer rheology effects and volume of fluid (VOF) method is applied for the flow
front tracking. Appropriate user-defined functions (UDFs) are written to model the viscosity and curing kinetics of
the epoxy-molding compound (EMC). The wire sweep profile and pressure distribution around the wire region are
presented. The numerical results of the flow front patterns and filled volume are compared with the previous
experimental results and found in good conformity. Therefore, the strength of MpCCI code coupling in handling the
FSI problems is proven to be excellent.

Keywords: Fluid structure interaction, Mesh based parallel code coupling interface, Castro-Macosko model, Epoxy
molding compound, VVolume of fluid, Wire sweep.

PLASTIK TOPLARIN KAPLANMASI iSLEMI SIRASINDAKI TEL KAYMASININ AKE
ANALIZI

Ozet: Bu makalede, plastik top aglarimin (PBGA) kaplanmas: islemi sirasindaki tel kaymasmin (deformasyonunun)
¢ boyutlu (3D) akiskan-kat1 etkilesimi (AKE) analizi sunulmustur. Kalibin ve tellerin 3D modeli GAMBIT
kullanilarak olusturulmustur ve akigkan/kati analizi gergek zamanli hesaplamalarda Mesh based Parallel Code
Coupling Interface (MpCCl) ile FLUENT ve ABACUS kullanilarak simiile edilmistir. Polimer reoloji etkilerini
tanimlamak igin Castro-Macosko modeli kullanilmig ve akis 6n cephe takibi igin akiskan hacmi (VOF) yontemi
uygulanmistir. Viskozite ve epoksikaliplama bileseninin (EMC) kiirleme kinetigini modellemek i¢in uygun kullanici-
tanimli fonksiyonlar (UDF) yazilmistir. Tel kaymasi profilleri (deformasyonunun) ve tel bolgesi etrafindaki basing
dagilimi sunulmustur. Sayisal simiilasyonlarla belirlenen, 6n cephe yapilart ve dolan hacimler, daha 6nceki deneysel
sonuglar ile kiyaslanmig ve iyi bir uyum i¢inde oldugu goériilmiistiir. Bu sonuglar ile, AKE problemlerinin ¢dziimiinde
MpCCI kod birlestirmesinin giicliniin miikemmel oldugu ispatlanmustir.

Anahtar Kelimeler: Akigskan kati etkilesimi, Mesh based Parallel Code Coupling Interface (MpCCl), Castro-
Macosko yontemi, Epoksi kaliplama bileseni, Akiskan hacmi, Tel kaymasi.

INTRODUCTION

The continuous reduction of chip size in the modern
electronic industry has a significant impact on the
circuit design and assembly process of IC packages.
Reduced chip size with increased 1/0O counts result in
serious wire deflection during the transfer molding
process. If the deformation of wire is too large, it can
cause a short circuit due to touching of the adjacent
wires or open circuit due to wire break off (Su et al.,
2003). Wire sweep has been recognized as one of the
major defects in the encapsulation of microelectronic
chips during the transfer molding process (Jong et al.,
2005). Computer-aided engineering (CAE) has recently

been applied by many researchers that could obtain
excellent predictions on wire sweep problems.

Yang et al. (2001) developed two-way coupling
computational technique consisted of a CFD code that
computed the transient flow field during molding, and a
structural dynamic’s code (FEM-STRESS) that
computed the transient deformations and stresses in
wires. The proposed technique could describe how wire
sweep evolved with time throughout a package. Su et
al. (2003) introduced the wire sweep analysis ‘In-Pack’
that combined global flow analysis (C-MOLD) and
structure analysis (ANSYS), and the results had shown
better trend and accuracy than the C-MOLD microchip
encapsulation solution. In the integrated CAE of wire
sweep proposed by Yang et al. (2004), the epoxy-



molding compound (EMC) flow was calculated by a
true 3D thermal flow solver based on a highly flexible
prismatic element generation technique; the flow
analysis was linked with structure analysis to provide
the total solution for wire sweep assessment. Jong et al.
(2005) implemented the modified C-MOLD reactive
molding solution to study the effect of wire density
during encapsulation, by controlling the shape factor.
The results showed realistic predictions for flow front
advancement and wire-sweep phenomena, and well
validated by the experiment on a typical high pin-count
package (BGA 492L). Pie and Hwang (2005) studied
the effect of wire density by including wires in the mesh
model for three-dimensional EMC filling analysis; the
solid mesh models were generated by the stacking
method. A thin small outline package (TSOP) with 53
wires was used as the demonstration example. Yao et
al. (2005) conducted experiments to determine the
threshold of wire span of 23 um diameter wire. A 3D
finite-element analysis was applied to explain the wire
deformation under the action of mold flow. It was found
that the wire diameter had a significant role in wire
deflection when the loop height and wire span were
fixed. A non-sweep encapsulation technology that
combined glob top, and conventional transfer molding
processes was presented for long wire-span with little
wire sweep.

Ishiko et al. (2006) presented the thermoelectric
simulation for optimizing the wire bonding position in
IGBT (insulated gate bipolar transistor) modules, using
the SOLIDIS 3D simulator. They demonstrated the
wire-bonding optimizations by the thermoelectric
simulation could contribute not only to realize more
compact power modules but also to improve the module
reliability. Kung et al. (2006) proposed a sweep
deflection model based on the evaluation of bending and
twisting moments using ANSY'S and experiments. The
model predicted that the percentages of sweep
deflection from the twisting and bending moments
depended closely on the ratio of bond height and bond
span. They (Kung et al., 2008) also derived a method to
evaluate the sweep resistance of wire bonds and to
obtain the load displacement curves. Brand et al. (2008)
studied a single die package using MOLDFLOW
simulation, and experimenting with different stacking
configurations. The effects of varying loop height,
stack height and type of mold compound were
quantified in terms of maximum wire sweep induced.
The wire sweep could be reduced by reducing the loop
height; however, higher stacking of dies increased the
wire sweep phenomena.

In fact, the wire sweep during encapsulation is a typical
fluid-structure interaction (FSI) problem. The drag force
resulted from the fluid flow caused the wire deformation
or normally known as the wire sweep. The use of finite
volume method (FVM) for the flow analysis and the
finite-element method (FEM) for the structure analysis,
coupled with MpCCIl was reported in various works
(Yigit et al., 2008; Thiriafay and Geuzaine, 2008;
Gatzhammer et al., 2010). However, as far as the
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authors are aware, the use of FSI has not been reported
so far in the wire sweep problems. In the present study,
a 3D computational analysis is used to predict the wire
sweep problems in the plastic ball grid array (PBGA)
encapsulation process. The FVM-based and FEM-based
software with MpCCI coupling method are utilized as
the modeling tools to perform the FSI analysis for the
package. The Castro-Macosko model is used to describe
the polymer rheology with curing effect in the viscosity
behavior of the epoxy-molding compound (EMC). The
program is written in C language has been employed in
UDF to calculate the curing kinetics of EMC. The
volume of fluid (VOF) technique is also applied to track
the flow front of the EMC. Wire sweep profiles and
pressure field are analyzed and presented. The EMC
flow front advancement and wire sweep phenomena can
be visualized simultaneously through this FSI
simulation. The simulation results are also compared
with the previous experimental results available in
literature and found in good agreement.

GOVERNING EQUATIONS
Fluid Flow Analysis

In the encapsulation process, the EMC and air are
treated as the two phases. They are assumed as
incompressible and laminar. The governing equations
describing the fluid flow are the conservation of mass,
conservation of momentum and conservation of energy,
as listed below:

The conservation of mass or continuity equation in
generalized terms:
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Conservation of momentum in i-th direction in an inertial
(non-accelerating) reference frame is described by:
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where, p is the density, u is a velocity vector, p is the
static pressure, z; is the viscous stress tensor and g; and
F; are the gravitational acceleration and external body
force in the i direction, respectively.

The energy equation cast in terms of h (static enthalpy)
can be written as,
J (
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where, k is the thermal conductivity, T is the absolute
temperature, and @ is the energy source term. However,
a modification in the conservation of energy has been
made by inserting energy source term and two



contributions of polymer properties. The energy source
term, @ is as follows:

=1y’ (4)
where, 7 is the viscosity and y is the shear rate the
source.
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The EMC is assumed to be a generalized Newtonian
fluid (GNF). The Castro-Macosko model (Yang et al.
2001; Nguyen et al., 2000) is used for predicting the
relationship between viscosity and the degree of
polymerization was applied to describe the viscosity of
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B is an exponential-fitted constant, T, is a temperature
fitted-constant, n is the power law index, 7, is the zero
shear viscosity and 7 is the parameter that describes the
transition region between zero shear rate and power law
region of the viscosity curve, a is the chemical
conversion of reaction, a4 is the conversion at the gel
point and C, and C, are fitting constants.

Kamal’s equation (Yang et al. 2001; Nguyen et al.,
2000) is coupled with Castro-Macosko model in this
study. The rate of chemical conversion of the compound
of this model is predicts as follows:
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where A; and A, are Arrhenius pre-exponential factors,
E, and E, are the activation energies, m; and m, are the
reaction orders. Table 1 summarized the material
properties of the EMC considered in the current study.

The function of VOF scheme is to locate and evolve the
distribution of the liquid phase by assigning for each
cell in the computational grid a scalar, f, which specifies
the fraction of the cell’s volume occupied by the EMC.
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Table 1. Material properties of EMC used in the mold filling
analysis (Nguyen et al., 2000).

Parameter (Value Unit
Castro Macosko |ag 0.17 -
Model B 0.000381 |kg/m/s

Th 5230 K

n 0.7773 -

T 0.0001 N/m?

C; 1.03 -

C, 1.50 -

m; 1.21 -
Curing Kinetics |m, 1.57 -

Ay 33530 1/s

A, 30540000 |(1/s

E; 7161 K

E, 8589 K

a 0.05 -
Density » 2000 kg/m’
Specific Heat Cp 1079 JIkg-K
Thermal - 0.97 W/m-K
Conductivity
Reference T 298 K
Temperature

Thus, f takes the value of 1 (f = 1, represent in red color)
in cell, which contains only resin, the value 0 (f = 0,
represent in white color) in cells, which are voids of
compound, and a value between 0 and 1 (0< f <1) in
“interface” cells or referred as the EMC flow front.

The EMC flow front over time is governed by the
following transport equation:

iziq_v.
ot
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The momentum equation used in FEM (ABAQUS) for
solving the structural deformation as:

il
Ps (E
where, p; is density of solid, 1, is velocity of solid in x,

y and z axis, & is recoverable stresses and g is
gravitational acceleration.

+1, - Vii,) = =V + ped (12)

Wire Sweep Analysis

The drag force exerted on the wire by the EMC flow
can be calculated using the Lamb’s model, the value of
velocity and viscosity has been determined from the
mold filling simulation. Then, the Lamb’s model is
described as (Su et al., 2003; Pei and Hwang, 2005; Han
and Huh, 2000):

D =2 (13)
where D is the drag force per unit length, p is the fluid

density, U is the undistributed upstream velocity, d is
the wire diameter and Cp, is the drag coefficient can be



determined by (Su et al., 2003; Pei and Hwang, 2005;
Han and Huh, 2000):

8T

Cp = Re[2.002-In(Re)]

(14)

where Re is the Reynolds humber.

In order to assist the designer of a wire profile to obtain
a reasonable allowed sweep, a sweep deflection model
based on the contribution of the bending and twisting
moments have been proposed by Kung et al. (2006).
According to the model, the sweep deflection of a wire
bond & can be calculated using:

bmax =5+ D (fs (1) 5+ 1 (B) &)

where S is the length of the wire bond, fg is the bending
geometry factor for the bending moment, f; is the
twisting geometry factor for the twisting moment, H is
the height of wire, L is the length of wire span, G is the
shear modulus of wire, E is the elastic modulus of wire,
I is the momentum of inertia of the wire, 1, is the polar
momentum of inertia of the wire.

(15)

NUMERICAL SIMULATION

Simulation Model and Boundary Conditions in
FLUENT

The VOF equation in FLUENT 6.3.26 is utilized to
simulate the encapsulation process (Khor et al., 2010a;
Khor et al., 2010b). In the VOF, a single set of
momentum equations is shared by the fluids, and the
volume fraction of each of the fluids in each
computational cell is tracked throughout the domain
(Khor et al., 2010b). Air and EMC are defined as the
phases in the analysis. Implicit solution and time
dependent formulation is applied for the wvolume
fraction in every time step. The volume fraction of the
EMC is defined as one and zero value for air phase.

The programme was written in C language in order to
consider the Castro-Macosko viscosity model with
curing kinetics using Microsoft VISUAL Studio 2005
and compiled as an UDF in FLUENT code. The mold
cavity used, and the boundary conditions set up are
shown in Figure 1. The dimension of mold cavity and
die are 100 mm x 100 mm x 4 mm and 30 mm x 30 mm
x 1 mm (Han and Huh, 2000), respectively. The
dimension of the inlet gate is 8 mm x 8 mm used in the
present study. The flow direction is diagonal of x and z
directions to the un-deformed wire axis, and the
properties are approximately the same as those used by
previous work (Han and Huh, 2000). The model is
created by using GAMBIT software and meshed with
the tetrahedral elements of 395,000 (Figure 2) for better
accuracy and computational cost. In the present
modeling, the wire consists of surfaces of the ball bond
and wire body. The total unstructured meshing of the
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Figure 1. Boundary conditions for FLUENT analysis.

Figure 2. Meshed model for FLUENT analysis of two outlet
vents.

face elements for wire surface and ball bond are 1466
and 28 respectively. The total unstructured mesh of
cavity is 5 nodes along the thickness and 75 nodes along
the edges.

In addition, the time step size is also tested and 0.001 s
is found to be the optimum. The governing equations
are discretized by the first-order upwind scheme, and
solved by the SIMPLE algorithm to save the
computational cost. The boundary and initial conditions
used in the calculation are as follows (Khor et al.,
2010b):



@onwall:u=v=w=0,T=T,

ion.0u 9y ow 9T _
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(c) On meltfront:p=0
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The mold temperature was heated to 175 °C and the
package inlet velocity was 0.6 mm/s. The simulation is
performed on an Intel Core 2 Duo processor E7500,
2.93 GHz with 2 GB of RAM. The calculations took
around 74 hours for each case to complete 15,000
iterations for a time step of 0.001 s.

Wire Model and Boundary Conditions in ABAQUS

A FEM based software ABAQUS is used in this study
to calculate the wire deformation. The structures of the
wires are imported from the GAMBIT in ACIS ‘.sat’
format. The dimension of the wire is built according to
Yang et al., (2000). The wire bond span has a length, L
= 20 mm and wire height, H = 3.5 mm. The wire bond
is divided into 10,191 tetrahedral elements as shown in
Figure 3. The shape of the wire also classified as typical
Q-auto loop wire bond (Brand et al., 2008). The ball
bond boundary conditions of wire are set as fixed in
ABAQUS as shown in Figure 3. The wires mechanical
properties used are: elastic modulus, E=50 GPa (Yang
et al., 2004), density, p=1800 kg/m>, Poisson’s ratio, v =
0.42 and reference temperature, T=175°C.

Figure 3. Boundary condition of wires and Meshed wire for
ABAQUS analysis.

Code Coupling with MpCCI

In the present study, the fluid-structure interaction
during the encapsulation process is visualized by using
the virtual model that created and simulated in FLUENT
and ABAQUS codes. During the simulation analysis,
the two ways coupling method is implemented parallel
for FSI as shown in Figure 4. The pressure data
generated from the flow (FLUENT) is transferred to
ABAQUS for structure analysis by MpCCI. The
deformation of the structure in ABAQUS will give the
feedback to the flow analysis in the FLUENT in the real
time calculations. The deformed wire bonds may cause
unstable on the flow front profile. The extreme
deformation of wire bond during the encapsulation
process could cause failure for the package during the
process due to the short circuit problem. Therefore, the
deformation of wire bonds during the encapsulation is
also crucial for the packaging design.
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Figure 4. Data exchange from FLUENT and ABAQUS by
MpCCI.
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RESULT AND DISCUSSION

Figure 5 illustrates the flow front advancement for the
PBGA package obtained from FLUENT and the
phenomenon of wire deformation as predicted by
ABAQUS. At initial filling stage for two outlets vent as
shown in Figure 5(a), no wire deforms is observed.
However, the wire starts to deform when EMC fills and
covers the die. The interaction of EMC flow and solid
surface of the wire caused the wire sweep phenomenon.
The deflection of the wire is clearly observed at wires 1
and 4 (which nearer to the inlet gate) just after the EMC
flow passed the wires. In Figure 5(b), the slightly
deformation was observed when wires 2 and 3 covered
by EMC in the encapsulation. Figure 5(c) illustrates the
detail view of initial and deformed wires in an isometric
view.

Figure 5. (a) Initial filling stage, (b) Fluid flow and wire sweep
profile in top view and (c) Wire deformation profile in isometric
view (two-outlet vent configuration).

Figure 6 shows the locations of pressure measurement
for each wire during the encapsulation process. Figure 7
shows the corresponding plot as a function of time. The
increase in pressure is due to the presence of EMC. The
pressure distribution trends for P1 and P4 are identical
to those of P2 and P3. During the filling time 3s to 6s,
the pressures at P1 and P4 are higher than those at P2
and P3 because at this period the EMC covers only the
locations P1 and P4. The pressures at P2 and P3
increase gradually from 6 to 11s compared to P1 and
P4. After 11s the pressures P1 to P4 are found almost
similar.
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Figure 6. Location of measured pressure.
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Figure 7. Pressure distribution at P1, P2, P3 and P4 of
two outlet vents.

Wire 1
o0l
]
|
0.0 f] \
[ 1 A
" Sk ¥
T 0006 ' "‘.-.N"n,/\/‘u'f\-"‘f'-‘r
5 )
= |
= 0004 |
| -SErecson
~r |
L1 1e | |
J
!I‘
{ S |
6 2 3 8§ 0 12 M
Time |
0.18
.16 ]

v-dirction

008 '
oW
00 |
[ —
o 2 3 f ] 0 12 =
umn2 s
0%

-dmection

L
™ Deform. r
Wie
——
Wiee2
1 nditun
_ e o
= Metoemed
— e ——

Wire

Figure 8. Detailed top view of wire deformation profile
of two outlet vents.

It is observed that the pressure directly influences the
wire deformation, and the drag force is acting on the
wire structure during the filling process. The drag force
does influence the wire deformation as shown in Figure
8. The maximum deformation is concentrated around
the middle of wire; it is obvious for the wires 1 and 4.

Figure 9 shows the wire deflection in X, y and z directions
for wires 1 and 2 of two-outlet vent arrangement. The
deflection has been calculated at Point A (Figure 10). It
can be clearly understood that the wires deformed to the
horizontal (x) and vertical (y) axes (Yao et al., 2005).
For the wire 1, the deformation is the tendency in the z-
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Fiaure 9. Wire deflections in x. v and z direction for wires 1 and 2 of two outlets vent arranaement at Point A.
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direction and wire 2 in the x-direction respectively. The
comparison of deflection magnitudes of wires 1 to 4 are
shown in Figure 11(d). It is found that wire 4 has the
highest deflection in the x-direction (Figure 11(a)).
However, wire 1 has larger deflection in y and z
directions as shown Figures 11(b-c). These deflections
are due to the positioning of wire and the directions of
wire bond span. In Figure 11(d), wires 1 and 4 show,
higher deflection compared to wires 2 and 3. This is due
to their orientation and the direction of EMC flow
during the encapsulation process.

Figure 10. Measurement of wire deflection at Point A.
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MODEL VALIDATION

The present simulation results of EMC flow are
validated with the experimental results of Yang et al.
(2000) who investigated the flow behavior of EMC
(D.E.R.331, Dow Chemical) in the encapsulation
process. The wire deflection is validated with the
analytical result that calculated using Eq. (15) as
proposed by Kung et al. (2006).

Figure 12 shows the comparison of predicted and
experimental flow profiles of the PBGA encapsulation
process from 4 to 10 s. The simulation results show the
wire and EMC flow profile in line contour is presented
at different filling time. The predicted EMC flow
profiles show good agreement with the experimental
results for all time steps. Wire deflection phenomenon
also has been observed when the EMC flow around the
wire region. The EMC filled volume versus filling time
for the simulation, and the experiment of the
encapsulation process is plotted in Figure 13. The
maximum discrepancy is found to be 6.7 %.

The comparison of simulation and analytical results of
wire deflection for wire 4 in the x-direction is shown in
Figure 14. In the analytical calculation, the values of fg
and fr used are 0.165 and 0.00165 respectively for H/L
= 0.175 (Kung et al., 2006). The average deviation at
maximum deflection (after 9 s) is found to be 6.5 %.
The simulation demonstrates in good agreement with
analytical results.

Detailed view of Von-Mises stress distribution for wire
1 in maximum deflection is shown in Figure 15. The
result demonstrates that the highest stress is around the
fixed boundary, especially near to the ball bond. This
means the wire sweep deflection is dominated by the
twisting moment instead of the bending moment, similar
results have been observed by the previous work (Kung
et al., 2006).

EFFECT OF THE NUMBER OF OUTLET VENTS

Figure 16 is shown the effect of the number of outlet
vent on the wire deflection. The results show that the
deflection of all wires is lower for four outlet vent
compared to two outlet vent arrangements. The results
illustrated the drag force induced by the EMC flow is
lower for the case of four outlet vent arrangement. The
lower the drag force will provide less stress
concentration on the wire and will reduce the tension on
the wire. Thus, number of outlet vents does influence on
the wire deflection during the encapsulation process.

The results also shown the wires 2 and 3 has lower
deflection compared to the wires 1 and 2 since the
locations of wires 2 and 3 are behind the silicon die. The
wires 1 and 4 are located near to the inlet gate have
experienced higher induced drag force, thus, both wire
has higher stress concentration. The phenomena will
help the engineers to decide the appropriate location for
the wire in order to avoid the wire overlap that might



cause a short circuit or failure during the encapsulation
process.
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Figure 12. Comparison of simulation and experimental results
(Yang et al., 2000) for wire deformation and EMC flow
profiles of two outlet vent.
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CONCLUSION

The simulation of wire sweep phenomena during the
PBGA package encapsulation process was presented,
and a three-dimensional (3D) computational prediction
of FSI has been investigated. The effects of outlet vent
arrangements on the wire sweep have been studied. The
wire sweep profiles have been validated by analytical
calculations with 6.5% of maximum deviation. The
results also show the four outlet vent arrangement is
found to be lower on the wire deflection compared to
the two outlet vent. The numerical results of flow front
patterns and filled volume were compared with the
previous experimental results and found in good
agreement. The proposed method of MpCCI Code
Coupling in handling FSI on the wire sweep during the
encapsulation process is proven to be excellent. This
present work is expected to be a reference and guideline
for improvement and design consideration in
microelectronics industry.



The future works will focus on the evaluation of various
parameters inputting these correlations into an analytical
numerical model in order to predict the maximum wire
deflection.
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